Introduction
Although for many years it was assumed that human immunode"ciency virus type 1 (HIV-1) and type 2 (HIV-2) diverged from a precursor simian immunode"ciency virus (SIV) thousands of years ago, clinical and virologic observations suggest a more recent split between the simian and human retroviruses. The clinical evidence is based on the fact that no HIV infection of any kind has ever been documented prior to 1959 (Elswood & Stricker, 1994; Myers, 1994) . The virologic evidence derives from studies showing that the "rst isolates of an HIV-1 like virus in humans and chimpanzees are consistent with SIV/HIV divergence in the 1950s (Gao et al., 1999; Zhu et al., 1999) . It is likely that casual or random human infection with SIV produced the low-virulence HIV-2 strain in West Africa (Essex, 1994) , although a limited poliovaccine trial may ? Author to whom correspondence should be addressed. E-mail: rstricker@usmamed.com have contributed to this zoonosis (Hooper, 1999) . In contrast, it appears that the more virulent HIV-1 strains entered the human population in a systematic fashion consistent with extensive exposure to a contaminated vaccine. The following report focuses on two such events.
The theory that the AIDS pandemic evolved from a contaminated poliovaccine has been controversial (Goldberg, 1992; Curtis 1992; Elswood & Stricker, 1993; Hooper, 1999) . A problem with this hypothesis is that an AIDS precursor virus would have had to jump the species barrier and adapt to human cells in a relatively short period of time. This event would require both a readily adaptable virus and a susceptible host. It is likely that HIV-1 originated from poliovirus seed lots passaged in primary monkey kidney cells infected with SIV. We now know that primary monkey kidney cells used to prepare most live poliovaccines were reservoirs for SIV and other retroviruses (Feldman et al., 1975; Essex & Kanki, 1988; Neumann-Hae#in et al., 1993; Linial, 1999) . Furthermore, recent evidence con"rms that a variety of monkey kidney cells (including chimpanzee kidney cells) were used in the early days of oral poliovaccine production (Hooper, 1999) .
We suggest that there were two epidemics involving contaminated poliovaccines. The epidemics on di!erent continents were facilitated by the method used to produce the vaccines and by the populations inoculated with the resultant vaccine products. Based on this hypothesis, it is probable that the African heterosexual HIV-1 non-B subtypes had a somewhat di!erent origin from the U.S. homosexual HIV-1 subtype B. As outlined below, the experimental poliovaccine given to infants and children in Central Africa may have been part of a "eld trial involving a new vaccine production method using human cells (Goldberg, 1992; Hay#ick, 1992) . In the United States, well-intentioned misuse of a retrovirus-containing poliovaccine in homosexual adults and subsequent development of a hepatitis B vaccine could have unwittingly spread HIV into the homosexual population (Kyle, 1992) .
Human Diploid Cell Strains
In the 1950s, poliovaccine production utilized fresh monkey kidney (MK) explants to attenuate the poliovirus (Elswood & Stricker, 1994) . Among vaccine researchers, there was great concern about contamination of these primary MK cells with known monkey viruses such as cytomegalovirus and simian virus 40 (SV40) (Shah & Nathanson, 1976; Kyle, 1992) . Hay#ick et al. (1962) explain: &&The utilization of primary MK cells for human vaccine production has certain inherent disadvantages: (a) high latent virus content, (b) survival of SV40 in attenuated and formalinized poliovirus vaccine made in these cells, and (c) production of tumors by extracts of primary MK cells at the site of inoculation of hamsters, etc. To avoid these and other problems with the production of human virus vaccines in MK, we have attempted to demonstrate the e$cacy of an attenuated poliovirus vaccine produced in an entirely di!erent in vitro system. This system involves the use of human fetal diploid cell strains as a substrate for virus multiplication''.
The use of human diploid cell strains was a major advance in the preparation of vaccines because it eliminated contamination by &&known'' simian viruses common in MK cells. According to Hay#ick et al. (1962) , &&Poliovirus seed pools previously grown in monkey kidney can, apparently, be freed of simian viruses by serial plaque puri"cation on human diploid cells, and live attenuated or killed virulent vaccine prepared in human diploid cells''. Use of &&normal'' human diploid cell strains also avoided the unknown risks of passaging poliovirus in malignant human cell lines such as HeLa (Hay#ick, 1963 (Hay#ick, , 1964 .
With the encouragement and support of the National Institutes of Health, Hay#ick and his co-workers at the Wistar Institute in Philadelphia were experimenting with human diploid cell strains in the mid-1950s, resulting in their WI-38 exemplar strain that was described in 1961 (Hay#ick & Moorhead, 1961) . Development of the earlier strains (e.g. WI-1 to WI-37) apparently started "ve years earlier (Hay#ick, 1998) . Hay#ick explained this in 1961: &&. . . Dr Moorhead and I have been active in this area for some time and have at present accumulated no less than 50 diploid cell strains, predominantly from human fetal skin and muscle, lung, liver, and kidney'' (Hay#ick, 1961) . Thus, by the late 1950s, human diploid cell strains were poised to revolutionize vaccine production throughout the world.
In 1957}1960, a mass poliovaccine immunization program was undertaken in the Belgian Congo (Curtis, 1992; Elswood & Stricker, 1994) . Ultimately, more than 320 000 infants and children were given an oral poliovaccine derived from the CHAT strain developed at the Wistar Institute. The CHAT strain was passaged on monkey kidney cells and contained at least one &&unidenti"ed non-poliomyelitis virus'' contaminant (Elswood & Stricker, 1993) .
As concerns the poliovaccine used in the Belgian Congo, Hay#ick (1992) states: &&The seed virus used by me to produce the type 1 poliovirus vaccine was the CHAT strain that had been grown previously in primary monkey kidney cells. . . . Before production of the vaccine, the type 1 CHAT seed virus was terminally diluted and triple plaque puri"ed in high population doubling level (PDL) WI-1. This material was then used to produce the seed virus in WI-1 and PDL 22. Although triple plaque puri"cation is not a guarantee that a putative unwanted virus was removed, the possibility that HIV-1 or any other virus may have remained is vanishingly small '' (Hay#ick, 1992) .
WI-1 is a human fetal lung cell strain (Hay#ick & Moorhead, 1961) , and similar fetal lung cells are capable of supporting HIV-1 infection with reduced cytopathogenicity (Dolei et al., 1994) . Furthermore, human fetal "broblast cell lines express the retroviral receptors CD4 and CCR-5, and these cells are susceptible to productive infection with SIVsm, SIVmac, SIVcpz and HIV-1 (Werner et al., 1990; Chen et al., 1997; Fazeley et al., 1997; Rottman et al., 1997) . Since retroviruses integrate into genomic DNA, proliferation of human fetal lung cells would result in productive infection of daughter cells. Thus, retroviral infection of WI-1 during &&triple plaque puri"cation'' could result in dynamic viral diversi"cation and adaptation of the monkey-derived virus to human cells.
Prior to the mass vaccination program in the Belgian Congo, a &&gang-caged'' colony of as many as 400 chimpanzees was established in Camp Lindi at Stanleyville (now Kisangani, Zaire) to evaluate attenuated strains of poliovirus in chimpanzees (Curtis, 1992; Courtois et al., 1958; Hooper, 1999) . The chimps came from the area around Ponthierville in the eastern Congo (now Ubundu, Zaire), and they were primarily Pan troglodytes species (Vangroenweghe, 1997) . Courtois et al. (1958) explain: &&. . . caretakers of the animal colony were vaccinated with attenuated virus in order to protect them against possible exposure to the virulent poliomyelitis used for challenge of vaccinated chimpanzees.'' If HIV-1 actually originated from SIV infection of chimpanzees (Gao et al., 1999) , it is conceivable that the poliovaccine being prepared at Camp Lindi was contaminated by SIV-infected chimpanzees or caretakers at the test colony. Alternatively, the chimps and their caretakers may have been &&ground zero'' for the "rst live primate exposure to HIV-1 from the contaminated poliovaccine that was passaged on WI-1.
As part of the Congo vaccine trial, the Leopoldville vaccination program involved 154 000 African children aged 6 months to 2 years, who were inoculated by directly spraying the poliovaccine into their respiratory tracts . If the poliovaccine was contaminated, infection could have resulted from exposure of tissue and alveolar macrophages and/or epithelial cells in the respiratory tract to a humanadapted SIV precursor of HIV-1 (Rich et al., 1992; Mellert et al., 1990; Meltzer & Gendelman, 1992; Stahl-Hennig et al., 1999) . In the early 1970s, when these children reached puberty, engaged in sex, and had children, Epidemic C1 could have resulted. Migration to and from Central Africa could have resulted in the worldwide spread of HIV-1 (non-B). The diversity of the non-B HIV-1 clades may be related to viral incubation in the African population prior to worldwide dissemination (Myers, 1994; Jonassen et al., 1997) .
In the early 1980s, data were obtained that focused on medical and immune system abnormalities in Central Africa, particularly non-endemic Kaposi's sarcoma (KS) (Nahmias et al., 1986; Clumeck et al., 1984; Van de Perre et al., 1984; Piot et al., 1984) . The highest incidence of KS was located in the area where the Congo poliovaccine program of 1957}1960 had taken place (Elswood & Stricker, 1994) .
Epidemic C2: HIV-1 Subtype B (HIV-1B)
By the 1970s, human diploid cell strains had entered into vaccine production in the U.S. (Hay#ick, 1998 (Hay#ick, , 1992 . WI-38 was used to produce poliovaccines from poliovirus seed lots prepared in African green monkey kidney cells, which are reservoirs of SIV (Essex & Kanki, 1988) . Like its predecessor WI-1, WI-38 is a human fetal lung cell strain (Hay#ick, 1985) . As stated previously, similar fetal lung cells are capable of supporting HIV-1 infection with reduced cytopathogenicity (Dolei et al., 1994) , and human fetal "broblast cell lines are susceptible to productive infection with SIV and HIV-1 (Werner et al., 1990; Chen et al., 1997) . WI-38 was used in the production of the Sabin poliovaccine, and it is possible that the vaccine produced in the early 1970s was contaminated with a retrovirus (Kyle, ORIGIN OF AIDS 499 1992) . Reverse transcriptase was only discovered in 1970 (Baltimore, 1970; Temin & Mizutani, 1970) , and no screening test for retroviruses existed at that time.
In the 1970s, oral and genital herpes simplex virus infection was pandemic in sexually active homosexual men, and there was no e!ective treatment. In urban areas that were centers for homosexual activity, these a%icted individuals sought out alternative treatments for the painful e!ects of herpes simplex outbreaks. At that time, the Sabin poliovaccine was used to treat recurrent genital herpes simplex in homosexual men. Multiple poliovaccine doses were given monthly to hundreds of these patients by clinicians in New York and San Francisco (Kyle, 1992; Lincoln & Nordstrom, 1976; Tager, 1974) . Many homosexual men were relatively immunocompromised by sexually transmitted diseases, antibiotics, recreational drugs and intestinal parasites (Letvin, 1998) . Exposure of these men to retrovirally contaminated poliovaccine in high doses would provide a gateway for HIV-1 infection and spread in the homosexual community (Smith, 1997; Moyer et al., 1990) .
Before AIDS, the major fear of homosexual men was heptatitis B virus (HBV) infection. To remedy this problem, an HBV vaccine was formulated during the mid-1970s using highly puri"ed HBV surface antigen (HbsAg) particles derived from the plasma of chronic carriers of the virus (Szmuness et al., 1980) . These HBV carriers were New York City homosexual men attending bathhouses, venereal disease clinics, or other such &&meeting'' places (Chase, 1982) . The highly puri"ed HBsAg vaccine particles were treated with formaldehyde to kill any possible residual live virus (Szmuness et al., 1980) . However, infectious HIV-1 has been recovered from cells treated with formaldehyde (Aloisio & Nicholson, 1990) .
Hepatitis B vaccine trials in high-risk HBVnegative homosexual men took place in the late 1970s and early 1980s. The "rst New York City participant was inoculated in November 1978, while the "ve-city trial (Los Angeles, San Francisco, St. Louis, Chicago, Denver), which was done in clinics for sexually transmitted diseases, began in March 1980 (Francis et al., 1982; Szmuness et al., 1980 Szmuness et al., , 1981a . The HBV vaccine trial included two high-risk groups: dialysis patients and homosexual men. The original vaccine protocol called for the use of HbsAg subtype &&adw'' derived from homosexual men for the vaccine given to homosexual men and HbsAg subtype &&ayw'' derived from dialysis patients for the vaccine given to dialysis patients (Szmuness, 1979) . According to the subsequent published studies, however, a formaldehyde-treated vaccine containing HbsAg subtype &&ad'' was used in both the homosexual and dialysis patient trials, although the antigen donors were not identi"ed (Szmuness et al., 1981b (Szmuness et al., , 1982 Stevens et al., 1984) . Subsequent HBV vaccines given to healthcare workers were treated with heat inactivation and pasteurization, which e!ectively eliminated the risk of retroviral contamination from plasma donors (Lelie et al., 1987; Mauler et al., 1987) .
Samples from at least seven homosexual men were shown to be HIV-1 antibody-positive prior to entry into the New York City HBV vaccine trial (Stevens et al., 1985) . If some of the HBVpositive antigen donors were directly infected with HIV-1 or a precursor virus from the poliovaccine herpes treatment (or indirectly infected through sex with poliovaccine-treated individuals), the formaldehyde-treated HBV vaccine would have been contaminated. Anorectal and colon pathology (gay bowel syndrome) resulting in mucosal breakdown would have increased the risk and ease of HIV-1 transmission (Kazal et al., 1976) . If the injected HBV vaccine, given to highrisk and sexually active homosexuals residing in six major cities, was contaminated with HIV-1 or a precursor virus, it could explain the seemingly instantaneous and full-blown HIV-1 epidemic in the United States during the early 1980s (Table 1) . Thus, Epidemic C2 could have resulted from the urban vaccination program, transforming a low-level infectious disease into a single-clade &&starburst'' as suggested by recently published AIDS statistics (Stine, 1998) . Blood donations, intravenous drug use, travel and promiscuous sex could have caused the worldwide spread of HIV-1B.
Evolution of Poliovaccines
As outlined above, no safeguards against retroviral contamination of poliovaccines were available in the late 1950s in Africa or in the early 500 1970s in the U.S. In the mid-1970s, to prevent poliovaccine contamination by infectious agents from non-human primates, controlled monkey breeding colonies were established in the Caribbean basin (Lerche et al., 1994) . Subsequently, live oral poliovirus vaccine monopools produced in North America between 1976 and 1989 were tested by U.S. Food and Drug Administration researchers using the reverse transcriptase (RT) assay and polymerase chain reaction (PCR). None of the assays detected the presence of HIV-1/SIV, although some of the vaccine lots showed bands that were &&faintly detectable in long-exposure autoradiographs'' (Khan et al., 1996) . This study &&was done to allay public fears and concerns regarding potential contamination of U.S.-licensed polio vaccine with HIV-1'' (Khan et al., 1997) . Extrapolation of the data to all poliovaccine lots produced in previous years using &&imported'' monkey kidney cells, prior to screening with RT and PCR assays and before HIV/SIV was discovered, would require a leap of faith (Stricker & Goldberg, 1997) .
WI-38 and the related human diploid cell strain MRC-5 continue to be used in the production of polio and other vaccines (Candal et al., 1991) . In addition, African green monkey kidney cell lines have been used for oral poliovaccine production in Europe since 1988, and tumor cell lines are now being considered for vaccine development (Vogel, 1999) .
Conclusions
At least two di!erent epidemics arose on di!erent continents at di!erent times: (1) heterosexuals in Africa infected with HIV-1 (non-B), and (2) homosexuals in the United States infected with HIV-1B. Statistically, such an event would be unlikely unless the gap between the epidemics was bridged. We now know that human diploid cell strains were used to produce poliovaccines, and that the cells are theoretically capable of supporting SIV and HIV-1 replication. We propose that human diploid cell strains were the vehicle that &&bridged the gap'', resulting in SIV/HIV zoonosis from monkeys to humans. The purpose of using human diploid cell strains was to eliminate &&known'' simian virus contamination of vaccines. Even with the best of intentions, however, it would have been impossible to eliminate &&&unknown'' simian retroviral contamination in the pre-AIDS era. This lesson becomes particularly relevant as we now contemplate AIDS vaccine trials using novel vaccine production strategies in developing and developed nations.
